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GRAPHICAL  ABSTRACT 


i  Ionic  liquid-imbibed  gel  electrolyte  is 
synthesized  to  replace  traditional 
liquid  electrolyte. 

•  Nonvolatility  of  ionic  liquid  is  ex¬ 
pected  to  enhance  the  long-term 
stability  of  DSSCs. 

.  The  ionic  conductivity  of  ionic  liquid- 
imbibed  gel  electrolyte  is  enhanced, 
i  The  conversion  efficiency  of  the 
quasi-solid-state  DSSC  is  7.19%. 
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Liquid  electrolytes  containing  redox  species  have  been  widely  used  in  dye-sensitized  solar  cells  (DSSCs), 
whereas  the  volatility  of  organic  solvents  has  been  a  tremendous  obstacle  for  their  commercial  appli¬ 
cation.  To  assemble  durable  DSSCs,  here  we  report  the  synthesis  of  full-ionic  liquid  electrolyte,  in  which 
l-butyl-3-methylimidazolium  nitrate  is  employed  as  solvent  and  l-methyl-3-propylimidazolium  iodide 
is  iodide  source.  Using  the  imbibition  performance  of  amphiphilic  poly(acrylic  acid/gelatin)  [poly(AA/ 
GR)]  and  poly(acrylic  acid/cetyltrimethyl  ammonium  bromide)  [poly(AA/CTAB)j  matrices,  full-ionic 
liquid  electrolytes  are  imbibed  into  three-dimensional  framework  of  poly(AA/GR)  or  poly(AA/CTAB)  to 
form  stable  gel  electrolytes.  Room-temperature  ionic  conductivities  as  high  as  17.82  and  18.44  mS  cm  1 
are  recorded  from  full-ionic  liquid  imbibed  poly(AA/GR)  and  poly(AA/CTAB)  gel  electrolytes,  respectively. 
Promising  power  conversion  efficiencies  of  7.19%  and  7.15%  are  determined  from  their  DSSC  devices  in 
comparison  with  6.55%  and  6.12%  from  traditional  acetonitrile-based  poly(AA/GR)  and  poly(AA/CTAB)  gel 
electrolytes,  respectively.  The  new  concept  along  with  easy  fabrication  demonstrates  the  full-ionic  liquid 
electrolytes  to  be  good  alternatives  for  robust  gel  electrolytes  in  quasi-solid-state  DSSCs. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Dye-sensitized  solar  cell  (DSSC),  an  electrochemical  device 
directly  converting  solar  energy  to  electricity,  has  attracted  growing 

*  Corresponding  author.  Tel./fax:  +86  532  66781690. 

E-mail  address:  tangqunwei@ouc.edu.cn  (Q.  Tang). 


interests  because  of  their  merits  on  relatively  high  power  conver¬ 
sion  efficiency,  low  fabrication  cost,  and  environmental¬ 
friendliness  [1-6].  A  typical  DSSC  device  is  composed  of  a  dye 
sensitized  Ti02  photoanode,  a  counter  electrode,  and  redox  elec¬ 
trolyte.  The  task  of  redox  electrolyte  is  to  regenerate  excited  dye 
molecules  and  to  be  subsequently  reduced  by  the  counter  elec¬ 
trode.  To  obtain  higher  reaction  kinetics,  organic  solvents  such  as 
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acetonitrile  are  always  employed  as  mediums  for  the  trans¬ 
portation  of  iodide/triiodide  (I“/IJ )  redox  couples  [7—10].  However, 
low  ionic  conductivity,  insufficient  penetration  of  the  electrolyte 
into  nanoporous  structure  of  Ti02  film,  and  volatility  of  organic 
solvents  have  been  tremendous  obstacles  for  the  commercial 
application  of  DSSCs  [11—13],  Therefore,  it  is  a  prerequisite  to  find 
an  alternative  solvent  with  nonvolatility,  easy  synthesis,  low  cost 
and  environmental-friendly  natures  for  r/IJ  loading.  By  addressing 
these  issues,  room-temperature  ionic  liquids  are  preferred 
candidates. 

Room-temperature  ionic  liquids,  liquid  state  within  tempera¬ 
ture  of  100  °C,  are  defined  as  ionic  solvents  composed  of  positively 
and  negatively  charged  ions.  They  are  always  characterized  with 
high  glass  transition  temperature  [14],  reasonable  thermal  stability 
[15],  high  conductivity  [16],  and  especially  good  dissolution  to 
iodine  and  iodide  [17],  Up  to  now,  there  are  few  reports  on  the 
employment  of  full-ionic  liquid  electrolyte  in  DSSCs,  not  to  mention 
full-ionic  liquid  electrolyte  imbibed  three-dimensional  (3D) 
amphiphilic  framework-based  quasi-solid-state  DSSCs. 

In  the  current  work,  3D  poly(acrylic  acid/glycerol)  [poly(AA/GR)[ 
and  poly(acrylic  acid/cetyltrimethyl  ammonium  bromide)  [pol- 
y(AA/CTAB)[  polymer  composites  are  employed  as  placeholders  for 
full-ionic  liquid  loading  to  replace  acetonitrile-contained  iodide 
electrolytes  [18,19],  Crosslinked  poly(acrylic  acid)  is  a  typical  3D 
framework  capable  of  absorbing  enormous  aqueous  solution 
because  of  decoration  with  hydrophilic  — COOH  groups,  however, 
modification  of  poly( acrylic  acid)  by  glycerol  (GR)  or  cetyltrimethyl 
ammonium  bromide  (CTAB)  can  generate  amphiphilicity  to  pol- 
y(AA/GR)  or  poly(AA/CTAB).  The  imbibed  full-ionic  liquid  electro¬ 
lyte  in  3D  framework  of  poly(AA/GR)  or  poly(AA/CTAB)  can  not  leak 
even  during  cell  assembly  and  operation.  The  resultant  gel  elec¬ 
trolytes  are  subsequently  assembled  into  quasi-solid-state  DSSC 
devices,  which  are  expected  to  be  honored  by  long-term  stability. 
The  objectives  of  this  study  are  the  synthesis  of  full-ionic  liquid 
imbibed  poly(AA/GR)  and  poly(AA/CTAB)  gel  electrolytes  and  their 
characterizations  as  well  as  the  photovoltaic  performances  of 
assembled  DSSCs  from  the  gel  electrolytes. 

2.  Experimental 

2.1.  Materials 

Unless  noted  otherwise,  chemicals  were  purchased  from 
Sigma— Aldrich  and  used  as  received. 

2.2.  Synthesis  of  3D  poly(AAfGR)  matrix 

Poly(AA/GR)  matrix  was  synthesized  by  the  procedures:  5  ml  of 
GR  and  10  g  of  acrylic  acid  (AA)  were  dispersed  in  10  ml  of  deion¬ 
ized  water.  Subsequently,  initiator  potassium  peroxydisulfate  (KPS) 
(mass  ratio  of  KPS  to  AA  was  0.008)  and  crosslinker  N,N' -methylene 
bisacrylamide  (NMBA)  (mass  ratio  of  NMBA  to  AA  was  0.0005)  were 
added  to  the  mixed  solution.  When  the  viscosity  of  the  poly(AA/GR) 
prepolymers  reached  around  180  mPa  s-1,  the  reagent  was  poured 
into  a  petri  dish  and  cooled  to  room  temperature  until  the  forma¬ 
tion  of  an  elastic  gel.  After  rinsing  with  excess  deionized  water,  the 
samples  were  vacuum  dried  at  80  °C.  Finally,  the  sample  was  vac¬ 
uum  dried  at  80  °C  for  more  than  12  h. 

2.3.  Synthesis  of  3D  poly(AA/CTAB)  matrix 

Poly(AA/CTAB)  matrix  was  synthesized  by  the  procedures:  1  g  of 
cetyltrimethyl  ammonium  bromide  (CTAB)  and  10  g  of  AA  were 
dispersed  in  10  ml  of  deionized  water.  Subsequently,  initiator  KPS 
(mass  ratio  of  KPS  to  AA  was  0.008)  and  crosslinker  NMBA  (mass 


ratio  of  NMBA  to  AA  was  0.0005)  were  added  to  the  mixed  solution. 
When  the  viscosity  of  the  poly(AA/CTAB)  prepolymers  reached 
around  180  mPa  s-1,  the  reagent  was  poured  into  a  petri  dish  and 
cooled  to  room  temperature  until  the  formation  of  an  elastic  gel. 
After  rinsing  with  excess  deionized  water,  the  samples  were  vac¬ 
uum  dried  at  80  °C.  Finally,  the  sample  was  vacuum  dried  at  80  °C 
for  more  than  12  h. 

2.4.  Synthesis  of  [AMIM]N03,  [AMIM]BF4,  and  MPII 

The  [AMIM]N03,  [AMIM]BF4,  and  l-methyl-3- 
propylimidazolium  iodide  (MPII)  were  synthesized  by  following 
steps  [20,21]:  A  mixture  of  23.0  g  of  JV-methyl-imidazolium  and 
25.3  g  of  allyl  nitrate  was  vigorously  agitated  in  a  three-necked  flask 
equipped  with  mechanical  stirrer  and  thermometer.  The  excess 
allyl  nitrate  was  removed  by  keeping  temperature  at  60-65  °C  for 
6—7  h,  while  the  surplus  JV-methyl-imidazolium  was  extracted  by 
vacuum  drying  at  80  °C  for  48  h  to  obtain  a  transparently  viscous 
liquid.  35.0  g  of  the  as-synthesized  viscous  liquid,  20.0  g  of  silver 
nitrate,  and  50.0  ml  of  methanol  were  mixed  in  another  three¬ 
necked  flask  at  40  °C  for  48  h  to  obtain  [AMIM]N03.  The  unreac¬ 
ted  sodium  bicarbonate  and  methanol  were  removed  in  filtering 
and  evaporating  processes. 

A  mixture  of  23.0  g  of  JV-methyl-imidazolium  and  25.3  g  of  allyl 
nitrate  was  vigorously  agitated  in  a  three-necked  flask  equipped 
with  mechanical  stirrer  and  thermometer.  The  excess  allyl  nitrate 
was  removed  by  keeping  temperature  at  60—65  °C  for  6—7  h,  while 
the  surplus  N-methyl-imidazolium  was  extracted  by  vacuum  dry¬ 
ing  at  80  °C  for  48  h  to  obtain  a  transparently  viscous  liquid.  35.0  g 
of  the  as-synthesized  viscous  liquid,  20.0  g  of  AgBF4,  and  50.0  ml  of 
methanol  were  mixed  in  another  three-necked  flask  at  40  °C  for 
48  h  to  obtain  [AMIM]BF4.  The  unreacted  sodium  bicarbonate  and 
methanol  were  removed  in  filtering  and  evaporating  processes. 

Methyl  imidazole  and  iodopropane  with  a  molar  ratio  of  1 :  1.1 
were  mixed  in  a  250  ml  neck  boiling  flask  which  was  sealed  by 
toluene.  The  mixture  was  deaerated  by  bubbling  N2  for  5  min  and 
dark-agitated  at  35  °C  for  24  h.  Resultant  product  was  thoroughly 
rinsed  with  anhydrous  ether  and  shaken  for  20  min  and  then  kept 
stilling  for  1  h  until  the  liquid  became  brownish  red.  After  rotary 
evaporation  at  30  °C  for  3  h,  final  MPII  can  be  obtained. 

2.5.  Fabrication  of  full-ionic  liquid  imbibed  gel  electrolytes 

Full-ionic  liquid  imbibed  poly(AA/GR)  gel  electrolyte  was  pre¬ 
pared  according  to  the  following  procedures  [22—25]:  0.2  g  of 
poly(AA/GR)  was  immersed  in  an  ionic  liquid  electrolyte  solution  at 
ambient  temperature,  resulting  in  the  diffusion  of  full-ionic  liquid 
electrolyte  into  poly(AA/GR)  framework  and  formation  of  a  swollen 
sample  to  reach  absorption  saturation.  The  ionic  liquid  electrolyte 
consisted  of  0.5  M  I2,  0.01  M  Lil  in  mixed  organic  solvent  of  40  vol% 
MPII,  50  vol%  [AMIM]N03,  and  10  vol%  JV-methyl  pyrrolidone.  Ionic 
liquid  imbibed  poly(AA/CTAB)  gel  electrolyte  was  prepared  ac¬ 
cording  to  the  following  procedures:  0.2  g  of  poly(AA/CTAB)  was 
immersed  in  an  IL  electrolyte  solution  at  ambient  temperature, 
resulting  in  the  diffusion  of  RTIL  electrolyte  into  the  poly(AA/CTAB) 
network  and  formation  of  a  swollen  sample  to  reach  absorption 
saturation.  The  RTIL  electrolyte  consisted  of  0.5  M  I2,  0.01  M  Lil  in 
mixed  organic  solvent  of  40  vol%  MPII,  50  vol%  [AMIM]BF4,  and 
10  vol%  JV-methyl  pyrrolidone. 

The  ionic  liquid  loading  could  be  calculated  according  to  the 
following  equation: 

Ionic  liquid  loading  (g  g_1  'j  =  ^  0 ) 
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where  Wt  (g)  and  Wo  (g)  were  the  masses  of  full-ionic  liquid 
imbibed  gel  electrolyte  and  pure  matrix,  respectively. 

2.6.  Assembly  of  quasi-solid-state  DSSCs 

A  layer  of  Ti02  nanocrystal  anode  film  with  a  thickness  of  10  pm 
and  active  area  of  0.09  cm2  was  prepared  by  coating  the  Ti02  colloid 
using  a  doctor  blade  technique,  followed  by  sintering  in  air  at 
450  °C  for  30  min.  Subsequently,  the  Ti02  film  was  soaked  in  a 
0.3  mM  N719  [ris-di(thiocyanato)-N,N'-bis(2,2'-bipyridyl-4- 
carboxylic  acid-4-tetrabutylammonium  carboxylate,  purchased 
from  Solaronix,  SA,  Switzerland]  ethanol  solution  for  24  h  to  uptake 
N719  dye  for  the  fabrication  of  dye-sensitized  Ti02  photoanode.  The 
quasi-solid-state  DSSC  from  full-ionic  liquid  imbibed  poly(AA/GR) 
or  poly(AA/CTAB)  gel  electrolyte  at  an  imbibition  equilibrium  was 
fabricated  by  sandwiching  a  slice  of  gel  electrolyte  with  a  thickness 
of  around  1  mm  between  dye-sensitized  TiC>2  anode  and  a  Pt 
counter  electrode  (300-400  pm  in  thickness,  purchased  from 
Dalian  HepatChroma  SolarTech  Co.,  Ltd.). 

2.7.  Photovoltaic  measurements 

The  photocurrent-voltage  (/—V)  curves  of  the  assembled  quasi- 
solid-state  DSSCs  were  recorded  on  an  Electrochemical  Worksta¬ 
tion  (Xe  Lamp  Oriel  Sol3 A™  Class  AAA  Solar  Simulators  94023A, 
USA)  under  irradiation  of  a  simulated  solar  light  from  a  100  W 
xenon  arc  lamp  in  ambient  atmosphere.  The  incident  light  intensity 
was  100  mW  cm  2  (AM  1.5)  which  was  calibrated  using  a  FZ-A  type 
radiometer  (purchased  from  Beijing  Normal  University  Photoelec¬ 
tric  Instrument  Factory).  Each  DSSC  device  was  measured  at  least 
five  times  to  eliminate  experimental  error  and  a  compromise  J—V 
curve  was  employed. 

2.8.  Characterizations 

The  morphologies  of  the  gel  electrolytes  were  captured  with  a 
Zeiss  Ultra  plus  field  emission  scanning  electron  microscopy 
(FESEM).  To  observe  the  internal  3D  microstructure,  swollen  gel 
electrolytes  were  first  cut  into  ultrathin  film,  followed  by  the 
loading  into  a  chamber  under  freezing  temperature  and  high  vac¬ 
uum  to  remove  solvent.  The  'HNMR  spectra  were  recorded  on  a 
Bruker  Advance-400  spectrometer  with  d-chloroform  as  the  sol¬ 
vent  and  tetramethylsilane  as  the  internal  standard.  Fourier 
transform  infrared  spectrometry  (FTIR)  spectra  were  recorded  on  a 
Vertex  70  FTIR  spectrometer  (Bruker).  The  ionic  conductivity  of  gel- 
electrolyte  was  measured  by  using  a  pocket  conductivity  meter 
(HANNA8733,  Hanna  Instruments).  Thermogravimetric  analyses 
(TGA)  were  conducted  on  a  TA  Instruments  Model  SDT  Q600 
thermogravimetric  analyzer.  The  samples  were  heated  at  a  heating 
rate  of  10  °C  min  and  atmospheric  pressure,  and  under  N2  flow 
(90  mL  min-1).  The  weight  loss  as  a  function  of  temperature  was 
recorded  continuously  in  the  range  of 25-590  °C.  Preliminary  tests, 
small  masses  (20—25  mg)  of  each  material,  thinly  distributed  in  the 
crucible.  The  ionic  conductivity  of  gel-electrolyte  was  measured  by 
using  a  pocket  conductivity  meter  (HANNA8733,  Hanna  In¬ 
struments).  The  instrument  was  calibrated  with  0.01  M  KC1 
aqueous  solution  prior  to  experiments.  Tafel-polarization  curves  of 
the  symmetrical  cells  fabricated  of  samples  were  measured  by 
CHI660D  electrochemical  workstation.  The  symmetrical  dummy 
cells  fabricated  with  two  identical  Pt  electrodes  (Pt  electrode/gel 
electrolyte/Pt  electrode).  The  electrochemical  impedance  spec¬ 
troscopy  (EIS)  was  carried  out  using  a  CHI660E  electrochemical 
workstation  at  a  constant  temperature  of  20  °C  with  an  ac  signal 
amplitude  of  20  mV  in  the  frequency  range  from  0.1  to  105  Hz  at  a 
10  V  dc  bias  in  the  dark.  The  porosity  was  analyzed  by  an  AutoPore 


IV9500  mercury  porosimeter  (Micromeritics,  USA)  in  a  pressure 
range  of  0.5—30,000  psia. 

3.  Results  and  discussion 

3.1.  Morphology  observation 

The  cross-sectional  SEM  images  of  pure  poly(AA/GR)  and  pol- 
y(AA/CTAB)  matrices  are  shown  in  Fig.  1,  which  suggests  well- 
interconnected  and  microporous  frameworks  capable  of  caging 
enormous  full-ionic  liquid  electrolyte  in  the  microporous  structure 
because  of  high  porosity  [68.8%  and  67.4%  for  microporous  poly(AA/ 
GR)  and  poly(AA/CTAB),  respectively].  The  absorbed  full-ionic 
liquid  electrolyte  is  expected  to  be  sealed  in  the  3D  frameworks 
[26—28],  The  formation  of  3D  frameworks  of  poly(AA/GR)  and 
poly(AA/CTAB)  matrices  is  a  typical  free  radical  process.  Complex 
monomers  from  AA/GR  or  AA/CTAB  are  formed  by  the  hydrogen¬ 
bonding  between  AA  (C=0)  and  GR  (-OH)  or  electrostatic  attrac¬ 
tion  of  AA  (negatively  charged)  and  CTAB  (positively  charged) 
during  the  mixing  process.  For  the  polymerization,  thermal  cleav¬ 
age  of  initiator  KPS  can  initiate  the  complex  monomers  and 
crosslinker  NMBA  to  generate  radicals.  During  the  complicated 
polymerization  process,  a  3D  framework  can  be  formed  because  of 
the  macrobiradicals  nature  of  NMBA  [18,19,29,30],  In  fact,  the  pore 
size  and  porosity  can  be  controlled  by  adjusting  synthesis  condi¬ 
tions,  such  as  initiator  dosage,  crosslinker  dosage,  reaction  tem¬ 
perature,  concentration  of  AA  monomer,  and  mass  ratio  of  AA  to  GR 
or  mass  ratio  of  AA  to  CTAB.  The  matrix  framework  with  higher 
porosity  can  provide  higher  ionic  liquid  loading  in  per  unit  volume 
of  gel  electrolyte,  therefore,  the  transfer  ability  of  gel  electrolyte 
toward  I-/lj  redox  couples  is  further  enhanced.  The  increased 
charge-transfer  capacity  can  accelerate  the  recovery  of  excited  dyes 
and  redox  reaction  between  I-  <->  If ,  which  is  favorable  to  elevating 
photocurrent  density  and  fill  factor  of  DSSC  device.  The  focus  of  the 
current  work  was  to  display  the  feasibility  of  employing  amphi¬ 
philic  poly( AA/GR)  or  poly(AA/CTAB)  gel  material  as  a  placeholder 
to  fabricate  robust  gel  electrolyte  and  therefore  efficient  DSSC 
device. 

3.2.  Structural  analysis 

JHNMR  spectrum  of  [AMIM]N03  was  provided  to  confirm  its 
molecular  structure.  Fig.  2a  gives  5  values  of  5.4,  6.0,  and  4.8, 
revealing  the  hydrogen  atom  positions  in  (1)— (3).  The  hydrogen 
atom  at  position  (4)  can  be  confirmed  by  detecting  8  value  of  3.9, 
whereas  the  single  peak  at  8  =  7.5  is  a  coupling  reflection  of 
hydrogen  atoms  posited  at  (5)  and  (6),  and  5  =  8.7  is  attributed  to 
D20.  Till  now,  we  can  make  a  conclusion  that  the  chemical  structure 
of  [AMIM]NC>3  is  in  the  inset  of  Fig.  2a.  The  'HNMR  spectrum  of 
[AMIM]BF4  is  provided  in  Fig.  2b,  giving  8  values  of  5.0, 6.2,  and  5.6, 
revealing  the  hydrogen  atom  positions  in  (1)— (3).  The  hydrogen 
atom  at  position  (4)  can  be  confirmed  by  detecting  5  value  of  4.0, 
whereas  the  single  peak  at  8  =  7.6  is  a  coupling  reflection  of 
hydrogen  atoms  posited  at  (5)  and  (6),  and  <5  =  8.8  is  attributed  to 
D2O.  Till  now,  we  can  make  a  conclusion  that  the  chemical  structure 
of  [AMIM]BF4.  Fig.  2c  shows  the  'HNMR  spectrum  of  MPII,  giving 
8  values  of  1.0,  2.1,  and  4.3  which  are  attributed  to  the  hydrogen 
atoms  at  position  (1),  (2),  and  (3)  in  n-propyl,  respectively. 
Hydrogen  atom  at  position  (4)  gives  a  8  of  4.1,  and  coupling  of  (5)  & 
(6)  atoms  shows  a  single  peak  at  8  =  7.7,  whereas  peak  at  8  =  4.8  is 
attributed  to  D20  and  hydrogen  atom  at  position  (7)  gives  a  peak  at 
8  =  4.8.  Fig.  2d  gives  the  FTIR  spectrum  of  resultant  MPII,  showing 
absorption  bands  at  2960,  2870,  1572,  1172,  1432,  954,  and 
3170  cm-1  which  can  be  attributed  to  C— H  stretching  in  — CH3 
group,  C— H  stretching  in  — CH2  group,  C=N  stretching  in  imidazole 
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Fig.  2.  ’HNMR  spectra  of  (a)  [AMIM]N03,  (b)  [AMIM]BF4,  and  (c)  MPII,  and  FTIR  spectra  of  (d)  [AMIM]N03,  [AMIM]BF4,  and  MPII,  and  (e)  pure  poly(AA/GR)  i 
imbibed  poly(AA/GR),  pure(AA/CTAB),  and  full-ionic  liquid  imbibed  poly(AA/CTAB).  If  not  special  specified,  “IL"  in  the  figure  represents  “full-ionic  liquid". 
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ring,  C— H  bending  in  imidazole  ring,  C— H  bending  in  side  — CH2 
group,  stretching  of  imidazole  ring,  and  O— H  in  H2O,  respectively. 
By  combining  'HNMR  and  FTIR  spectra,  we  can  confirm  that  inset  in 
Fig.  2c  is  the  molecular  structure  of  MPI1.  All  the  absorption  bands 
of  [AMIM]N03,  [AMIM]BF4,  and  MPII  can  be  detected  in  IL  imbibed 
poly(AA/GR)  or  poly(AA/CTAB)  electrolyte  (Fig.  2e),  indicating  that 
the  ILs  have  been  incorporated  into  the  3D  framework  of  poly(AA/ 
GR)  or  poly(AA/CTAB)  gel. 

3.3.  Thermal  analysis 

The  thermal  analysis  behaviors  of  pure  poly(AA/GR)  and  pure 
poly(AA/CTAB)  matrices  are  shown  in  Fig.  3.  The  main  thermal 
degradation  of  matrix  under  nitrogen  atmosphere  occurs  in  a 
narrow  temperature  region  between  350  and  450  °C.  Flowever,  the 
imbibition  of  IL  electrolyte  into  3D  framework  of  poly(AA/GR)  or 
poly(AA/CTAB)  results  in  a  decreased  thermal  stability,  giving  a 
decomposition  temperature  region  between  300  and  400  °C 
because  of  the  poor  thermal  performance  of  room-temperature  ILs. 
It  is  noteworthy  to  mention  that  the  weight  losses  of  pure  poly(AA/ 
GR)  or  poly(AA/CTAB)  matrix  and  IL  imbibed  poly(AA/GR)  or  pol- 
y(AA/CTAB)  electrolyte  within  100  °C  are  nearly  the  same,  indi¬ 
cating  that  the  IL  can  be  well-sealed  in  the  3D  frameworks  of  gel 
matrices.  The  good  thermal  stability  and  good  ionic  liquid  retention 
along  with  easy  synthesis  demonstrates  the  IL  imbibed  gel  elec¬ 
trolyte  to  be  good  candidate  in  quasi-solid-state  DSSC  devices. 

3.4.  Ionic  conductivity 

The  ionic  liquid  loading  and  ionic  conductivity  of  the  IL  imbibed 
poly(AA/GR)  gel  electrolyte  are  shown  in  Fig.  4a.  The  highest  ionic 
liquid  loading  of  8.03  g  g  1  and  an  ionic  conductivity  of 
17.82  mS  cm-1  are  recorded  at  an  imbibition  time  of  18  days,  which 
are  higher  than  that  from  acetonitrile-contained  poly(AA/GR)  [23], 
The  measured  ionic  conductivity  from  gel  electrolyte  is  close  to 
18.72  mS  cm-1  from  pure  IL  electrolyte,  indicating  that  the  3D 
framework  provides  facile  channels  for  rapid  charge  transfer.  The 
increased  liquid  electrolyte  dosage  in  per  unit  volume  of  gel  elec¬ 
trolyte  and  ionic  transfer  ability  are  expected  to  have  an  accelera¬ 
tion  effect  on  power  conversion  efficiency  of  the  quasi-solid-state 
DSSCs.  The  imbibition  kinetics  of  dense  poly(AA/GR)  matrix  in  IL 
electrolyte,  shown  in  inset  of  Fig.  4a,  is  mainly  due  to  the  Flory 


poly(AA/CTAB),  and  full-ionic  liquid  imbibed  poly(AA/CTAB). 


theory  from  osmotic  pressure  across  the  poly(AA/GR)  matrix.  The 
loading  of  IL  electrolyte  increases  with  elongation  of  swelling  time, 
indicating  a  stepwise  diffusion  of  IL  electrolyte  into  3D  framework 
of  poly(AA/GR).  The  absorption  equilibrium  can  be  obtained  at 
swelling  time  of  around  17  days,  and  no  further  diffusion  occurs 
under  longer  immersion  time.  Similar  trend  is  also  detected  from  IL 
imbibed  poly(AA/CTAB)  gel  electrolyte  (Fig.  4c),  in  which  the 
highest  IL  electrolyte  loading  and  ionic  conductivity  are  13.66  g  g-1 
and  18.44  mS  cm-1,  respectively.  In  order  to  determine  the  loading 
of  IL  electrolyte  by  poly(AA/GR)  or  poly(AA/CTAB),  the  accumula¬ 
tive  IL  electrolyte  loading  over  time  have  been  fitted  using  the 
Fickian  theory  [24], 


where  Mt  and  are  the  masses  of  the  loaded  IL  electrolyte  at  time 
t  and  at  equilibrium,  respectively,  k  is  a  characteristic  rate  constant 
relating  to  the  properties  of  poly(AA/GR)  or  poly(AA/CTAB),  and  n  is 
a  transport  number  characterizing  the  transport  mechanism, 
n  <  0.5  suggests  a  Fickian  or  Case  I  transport  behavior  in  which  the 
poly(AA/GR)  or  poly(AA/CTAB)  framework  relaxation  is  much  faster 
than  the  diffusion;  n  =  1  gives  a  non-Fickian  or  Case  II  mode  of 
transport  where  IL  electrolyte  uptake  is  controlled  by  diffusion 
process.  0.5  <  n  <  1  refers  to  an  anomalous  or  a  Case  III  mode  in 
which  structural  relaxation  is  comparable  to  diffusion.  By  plotting 
log(/Wt/M«, )  vs  log(t),  the  n  value  are  calculated  as  0.60  and  0.63  for 
poly(AA/GR)  and  poly(AA/CTAB),  respectively,  indicating  an 
anomalous  mechanism  mode  in  which  structural  relaxation  is 
comparable  to  diffusion. 

The  conductivity-temperature  ( a—T )  relationships  for  the  IL 
imbibed  poly(AA/GR)  and  poly(AA/CTAB)  gel  electrolytes  at  various 
imbibition  time  are  shown  in  Fig.  4b  and  d,  respectively.  From  the 
figures,  one  can  find  that  the  conductivity  increases  with  elevation 
of  temperature  and  the  ln(<r)  versus  1/T  plots  is  almost  linear,  which 
is  in  a  good  agreement  with  previous  results  [22,23,25,31], 

The  elevation  of  ionic  conductivity  with  temperature  is  assigned 
to  enhancement  of  ions  transportation.  The  data  can  be  better  fitted 
by  Arrhenius  equation: 

"f)  (3) 

where  A  is  a  constant,  £a  is  the  activation  energy,  fee  is  Boltzmann’s 
constant,  and  T  is  the  absolute  temperature.  According  to  Fig.  4b 
and  Equation  (3),  the  Ea  values  for  the  IL  imbibed  poly(AA/GR)  gel 
electrolyte  are  calculated  as  22.06  kj  mol'1  (1  day),  18.36  kj  mol1 
(4  days),  17.18  kj  mol-1  (7  days),  14.44  kj  mol-1  (10  days), 
10.21  kj  mol-1  (13  days),  and  9.67  kj  mol-1  (17  days).  However,  the 
Ea  for  the  IL  imbibed  poly(AA/CTAB)  gel  electrolyte  are  calculated  as 
21.84  kj  mor1  (1  day),  19.28  kj  mol1  (5  days),  16.18  kj  mol"1  (10 
days),  13.86  kj  mol-1  (15  days),  10.95  kj  mol-1  (20  days),  and 
8.97  kj  mol-1  (22  days).  Low  £a  value  in  gel  electrolyte  suggests  a 
facile  ionic  transport  along  conducting  channels.  It  is  reasonable 
that  the  conducting  channels  tend  to  be  interconnecting  at  higher 
imbibition  aging  because  of  gradual  diffusion  and  rearrangement  of 
IL  within  3D  poly(AA/GR)  or  poly(AA/CTAB)  framework.  Therefore, 
the  interconnected  micropores  of  poly(AA/GR)  or  poly(AA/CTAB) 
framework  provides  superhighway  for  facile  ion  transport.  There  is 
a  consensus  that  the  ionic  conductivity  is  determined  by  the  ther¬ 
mal  hopping  frequency  in  the  case  of  an  ionic  transport  process 
involving  intermolecular  ion  hopping,  resulting  in  proportional 
relationship  to  exp(-£a/K't,T)  and  therefore  leading  to  an  Arrhenius 
conductivity— temperature  relationship  [32],  The  ion  hopping 
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Fig.  4.  Dependence  of  ionic  liquid-based  gel  electrolyte  loading  and  ionic  conductivity  on  imbibition  time:  (a)  poly(AA/GR)  and  (c)  poly(AA/CTAB).  The  inset  shows  the  imbibition 
kinetics  of  poly(AA/GR)  or  poly(AA/CTAB)  toward  full-ionic  liquid  electrolyte.  Dependence  of  ionic  conductivity  on  temperature  at  different  imbibition  time:  (b)  poly(AA/GR)  and  (d) 
poly(AA/CTAB). 


kinetics  and  ionic  conductivity  are  expected  to  be  significantly 
enhanced  at  higher  imbibition  aging. 

3.5.  Electrochemical  behaviors  of  the  gel  electrolytes 

As  a  powerful  tool  to  explore  the  electrochemical  process,  EIS 
has  been  widely  employed  in  testing  the  electrocatalytic  activity  for 
the  regeneration  of  redox  species.  For  EIS  experiments,  the  Pt/gel 
electrolyte/Pt  is  contained  in  a  symmetric  cell  composed  of  a  gel 
electrolyte  sandwiched  by  two  FTO  supported  Pt  glass  electrodes. 
Fig.  5a  shows  the  Nyquist  plots  of  Pt/gel  electrolyte/Pt  devices  using 
the  four  electrolytes.  Typically,  the  intercept  on  the  real  axis  (high 
frequency)  can  be  attributed  to  the  series  resistance  ( Rs )  between 
counter  electrode  and  the  gel  electrolyte.  The  first  semicircle 
(middle  frequency)  can  be  assigned  to  the  resistance  capacitance 


networks  of  the  electrode/electrolyte  interface,  including  the 
charge  transfer  resistance  (Ret).  The  EIS  curves  are  shown  in  Fig.  5a 
and  the  data  are  summarized  in  Table  1.  In  the  current  research,  the 
Rct  values  of  1L  imbibed  poly(AA/GR)  gel  electrolyte  and 
acetonitrile-contained  poly(AA/GR)  gel  electrolyte  are  7.55  and 
13.57  £1  cm2,  respectively.  Similarly,  the  Rrt  values  of  1L  imbibed  and 
acetonitrile-contained  poly(AA/CTAB)  gel  electrolytes  are  9.07  and 
9.31  £2  cm2,  respectively.  Compared  with  acetonitrile-contained 
poly(AA/GR)  and  poly(AA/CTAB),  the  decreased  Ra  of  IL  imbibed 
poly(AA/GR)  and  poly(AA/CTAB)  may  be  the  result  of  enhancement 
of  ionic  conductivity  in  the  resultant  IL  electrolyte  than  that  of 
acetonitrile-contained  liquid  electrolyte.  Lower  Rc t  in  IL  imbibed 
poly(AA/GR)  or  poly(AA/CTAB)  gel  electrolyte  reveals  that  the 
charge-transfer  ability  at  IL  imbibed  gel  electrolyte/Pt  interface  is 
higher  than  that  in  acetonitrile-contained  gel  electrolyte/Pt 


Fig.  5.  (a)  Nyquist  plots  and  (b)  Tafel-polarization  curves  of  acetonitrile-contained  iodide  imbibed  poly(AA/GR),  acetonitrile-contained  iodide  imbibed  poly(AA/CTAB),  full-ionic 
liquid  imbibed  poly(AA/GR),  and  full-ionic  liquid  imbibed  poly(AA/CTAB)  gel  electrolytes.  Inset  is  a  related  equivalent  circuit  diagram. 
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Table  1 

The  photovoltaic  performances  of  the  quasi-solid-st 
electrolytes. 


e  DSSC  based  on  different 


h  c 


Acetonitrile-contained  iodide  13.84 
imbibed  poly(AA/GR) 

Full-ionic  liquid  imbibed  15.36 

poly(AA/GR) 

Acetonitrile-contained  iodide  10.73 
imbibed  poly(AA/CTAB) 

Full-ionic  liquid  imbibed  12.95 

poly(AA/CTAB) 


13.57  0.708  13J 

7.55  0.730  14.: 

9.31  0.751  13.1 

9.07  0.750  14.. 

0.731  14. 


interface.  The  rapid  transport  of  refluxed  electrons  from  Pt  counter 
electrode  to  gel  electrolyte  is  expected  to  accelerate  the  reduction 
reaction  of  iodides. 

Tafel-polarization  measurements  are  used  to  reconfirm  the 
electrocatalytic  activity  of  the  gel  electrolytes,  which  is  also  per¬ 
formed  with  the  dummy  cells  similar  to  those  used  in  EIS  mea¬ 
surements,  as  shown  in  Fig.  5b.  A  larger  slope  in  the  anodic  or 
cathodic  branch  indicates  a  higher  exchange  current  density  (Jo)  on 
the  electrode.  Jo  can  be  also  calculated  by  Equation  (4)  [33]: 


Apparently,  the  calculated  Jo  also  follows  the  order  of  IL  imbibed 
poly(AA/GR)  or  poly(AA/CTAB)  gel  electrolyte  >  acetonitrile-con¬ 
tained  poly(AA/GR)  or  poly(AA/CTAB)  gel  electrolyte,  suggesting 
that  IL  imbibed  poly(AA/GR)  electrolyte  shows  a  superior  electro- 
catalytic  activity  for  triiodides  reduction,  which  is  consistent  with 
the  Jsc  order.  In  addition,  the  Tafel  polarization  curves  contain  the 
information  about  limiting  current  density  (/hm),  which  can  be 
expressed  as: 


Jlim  = 


(5) 


The  IL  imbibed  poly(AA/GR)  or  poly(AA/CTAB)  electrolyte  shows 
a  high  limiting  diffusion  current  density  C/tim)  relative  to  that  of 
pure  poly(AA/GR)  or  poly(AA/CTAB),  reflecting  a  higher  diffusion 
velocity  for  the  redox  couple  in  the  electrolyte.  In  theory,  Jo  varies 
inversely  with  Rrt.  With  the  EIS  results,  the  change  tendency  of  Jo 
for  various  electrodes  is  generally  in  accordance  with  those  pre¬ 
sented  in  the  Tafel  curve  plots.  Jiim  is  determined  by  the  diffusion 
properties  of  the  redox  couple  and  the  counter  electrodes;  At  the 


same  potential,  a  large  Jpm  indicates  a  large  diffusion  coefficient  and 
a  small  Zw  [34,35].  The  Jiim  value  of  IL  imbibed  poly(AA/GR)  or 
poly(AA/CTAB)  gel  electrolyte  is  higher  than  that  of  acetonitrile- 
contained  gel  electrolyte.  Consequently,  we  can  make  a  conclude 
from  the  electrochemical  and  EIS  results  that  IL  imbibed  poly(AA/ 
GR)  or  poly(AA/CTAB)  gel  electrolyte  has  a  higher  electrocatalytic 
activity  than  acetonitrile-contained  gel  electrolyte.  The  order  of 
electrocatalytic  activity  well  explains  the  order  of  Jsc  [36,37], 

3.6.  Photovoltaic  behaviors  of  the  quasi-solid-state  DSSCs 

The  photocurrent  versus  photovoltage  (J—  V)  curves  of  quasi¬ 
solid-state  DSSCs  from  various  gel  electrolytes  are  shown  in 
Fig.  6a.  As  a  reference,  the  J—V  curve  of  the  DSSC  employing  IL  is 
also  recorded  under  one  sun  illumination.  The  IL  electrolyte  con¬ 
tains:  0.5  M  I2,  0.01  M  Lil,  40  vol%  MPII,  50  vol%  [AMIM]N03,  and 
10  vol%  N-methyl  pyrrolidone.  The  acetonitrile-contained  liquid 
electrolyte  contains:  0.1  M  Lil,  0.01  M  I2,  20  vol%  NMP  and  80  vol% 
acetonitrile.  Under  a  simulated  solar  light  irradiation  with  intensity 
of  100  mW  cm-2,  the  photoelectric  parameters  of  DSSCs  such  as 
short  circuit  current  density  (Jsc),  open  circuit  voltage  (Voc),  fill 
factor  (FF)  and  energy  conversion  efficiency  (rj)  are  summarized  in 
Table  1.  It  is  evident  that  nearly  all  photoelectric  parameters  of  the 
quasi-solid-state  DSSC  from  IL  imbibed  poly(AA/GR)  or  poly(AA/ 
CTAB)  gel  electrolyte  are  higher  than  that  from  traditional  gel 
electrolyte.  Jsc  is  dependent  on  the  electron  density  on  conduction 
band  of  Ti02,  whereas  the  photogenerated  electrons  are  injected 
from  excited  dyes.  The  maximum  Voc  is  determined  by  the  differ¬ 
ence  between  the  quasi  Fermi  energy  of  electrons  in  Ti02  and  redox 
potential  energy  of  electrolyte  [38],  However,  the  real  Voc  of  a  DSSC 
is  generally  smaller  than  this  theoretical  limit,  and  one  of  the  rea¬ 
sons  is  a  backward  reaction  between  electrons  and  redox  electro¬ 
lyte  [39],  From  the  dark  J—V  characteristics,  as  shown  in  Fig.  6b,  it  is 
apparent  that  the  DSSCs  employing  IL  imbibed  poly(AA/CTAB)  and 
acetonitrile-based  poly(AA/CTAB)  gel  electrolytes  have  the  smallest 
dark  current  density  at  the  same  voltage.  The  dark  current  density 
in  DSSC  device  is  attributed  to  the  triiodides  combination  with 
electrons  on  CB  of  Ti02  at  the  Ti02/electrolyte  interface.  The  smaller 
dark  current  density  indicates  that  the  reduction  of  triiodides  on 
the  Ti02/electrolyte  interface  is  retarded.  This  is  a  key  factor  for  the 
highest  Voc  from  IL  imbibed  poly(AA/CTAB)  and  acetonitrile-based 
poly(AA/CTAB)  gel  electrolytes  based  DSSCs.  Interestingly,  the 
DSSC  from  IL  imbibed  poly(AA/GR)  gel  electrolyte  has  larger  dark 
current  but  lower  Rrt  than  that  from  IL  imbibed  poly(AA/CTAB). 
Generally,  a  larger  Rrt  means  a  facile  transportation  of  P/If  redox 
species  within  3D  framework  of  matrix.  However,  the  porosity  of 
poly(AA/GR)  (68.8%)  is  larger  than  67.4%  for  poly(AA/CTAB), 


Fig.  6.  Characteristic  photocurrent-voltage  (J-V)  curves  of  quasi-solid-state  DSSCs  from  acetonitrile-contained  iodide  imbibed  poly(AA/GR),  acetonitrile-contained  iodide  imbibed 
poly(AA/CTAB),  full-ionic  liquid  imbibed  poly(AA/GR),  full-ionic  liquid  imbibed  poly(AA/CTAB)  gel  electrolytes,  and  full-ionic  liquid:  (a)  under  one  sun  illumination;  (b)  in  the  dark. 
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imbibed  gel  electrolyte. 


yielding  an  increased  contact  rate  of  triiodides  with  photo¬ 
generated  electrons. 

It  has  been  known  that  the  IL  imbibed  poly(AA/GR)  or  poly(AA/ 
CTAB)  has  an  increased  charge-transfer  ability.  Once  the  excited 
dyes  release  electrons,  iodide  ions  participate  in  their  regeneration 
and  change  into  triiodides,  as  shown  in  Fig.  7.  Therefore,  the 
enhancement  in  Rct  can  accelerate  the  reaction  kinetics  of  dye  re¬ 
covery  and  therefore  the  electron  density  on  conduction  band  of 
Ti02.  Moreover,  the  FF  is  also  a  parameter  relating  to  the  charge- 
transfer  ability  of  electrolyte  material.  The  DSSCs  employing  IL 
imbibed  poly(AA/GR)  and  poly(AA/CTAB)  display  power  conversion 
efficiencies  of  7.19%  and  7.15%  from  their  quasi-solid-state  DSSCs  in 
comparison  with  6.55%  and  6.12%  from  traditional  acetonitrile- 
contained  poly(AA/GR)  and  poly(AA/CTAB)  gel  electrolytes, 
respectively.  Although  the  efficiencies  from  IL  imbibed  poly(AA/GR) 
and  poly(AA/CTAB)  based  DSSCs  are  lightly  lower  than  7.27%  from 
IL  based  DSSC,  the  retention  of  IL  has  been  significantly  enhanced. 
To  reveal  the  potential  mechanism  of  conversion  efficiency,  it  is 
believed  as  a  comprehensive  effect  of  ionic  conductivity  of  gel 
electrolyte,  retention  of  solvent,  and  charge-transfer  ability  at  gel 
electrolyte/Pt  counter  electrode  interface.  From  the  results,  we  can 
conclude  that  all  of  these  performances  have  been  enhanced  in  IL 
imbibed  poly(AA/GR)  or  poly(AA/CTAB)  gel  electrolyte  in  compar¬ 
ison  with  that  of  acetonitrile-contained  liquid  electrolyte  imbibed 


liquid  electrolyte-imbibed  and  ionic  liquid-imbibed  poly(AA/GR)  and  poly(AA/CTAB) 
gel  electrolytes. 


Fig.  8  shows  the  normalized  power  conversion  efficiencies  of 
DSSCs  from  IL  imbibed  poly(AA/GR)  and  poly(AA/CTAB)  gel  elec¬ 
trolytes,  as  a  comparison,  the  results  from  acetonitrile-based  liquid 
electrolyte-imbibed  poly(AA/GR)  and  poly(AA/CTAB)  electrolyte 
are  also  provided.  After  a  work  over  14  days,  nearly  97%  efficiencies 
are  remained  in  the  DSSCs  from  ionic  liquid-based  gel  electrolytes, 
whereas  that  is  only  83%  for  traditional  acetonitrile-based  ones 
because  of  the  volatilization  of  organic  solvent  from  3D  poly(AA/ 
GR)  or  poly(AA/CTAB)  framework.  The  volatilization  of  acetonitrile 
is  expected  to  lose  the  medium  for  ionic  transfer  within  gel  elec¬ 
trolyte,  therefore,  the  excited  dye  molecules  can  not  be  recovered 
by  redox  couples.  Until  now,  we  can  make  a  conclusion  that  the 
DSSCs  from  IL  imbibed  poly(AA/GR)  and  poly(AA/CTAB)  gel  elec¬ 
trolytes  have  a  reasonable  durability. 

4.  Conclusions 

In  summary,  iodide-containing  room-temperature  ILs  have  been 
successfully  synthesized  and  imbibed  into  3D  frameworks  of 
amphiphilic  poly(AA/GR)  and  poly(AA/CTAB)  matrices  to  form  a 
durable  gel  electrolytes.  Ionic  conductivities  of  17.82  and 
18.44  mS  cm-1  are  recorded  from  IL  imbibed  poly(AA/GR)  and 
poly(AA/CTAB),  respectively.  The  quasi-solid-state  DSSCs  have 
promising  power  conversion  efficiencies  of  7.19%  and  7.15% 
employing  IL  imbibed  poly(AA/GR)  and  poly(AA/CTAB)  gel  elec¬ 
trolytes,  respectively,  which  are  higher  than  6.55%  and  6.12%  of  the 
DSSCs  from  acetonitrile-contained  poly(AA/GR)  and  poly(AA/CTAB) 
gel  electrolytes.  Moreover,  the  DSSCs  from  IL  imbibed  poly(AA/GR) 
and  poly(AA/CTAB)  gel  electrolytes  have  a  good  stability  that  from 
traditional  acetonitrile-based  gel  electrolytes.  This  research  opens  a 
gateway  to  improve  the  photovoltaic  performances  of  DSSCs  and 
highlights  competitive  capacity  of  the  quasi-solid-state  DSSCs 
among  photovoltaic  devices. 
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